Complaints from the Domingos Martins population about sewage odours in the city made the district attorney order an impact assessment of the odours emitted by the city wastewater treatment plant (WWTP). This study comprised various techniques, models and population surveys. In 2007, an odour emission model proved that the main hydrogen sulphide emitter was the aeration tank of the WWTP (13.5 g h -1 ) and such emissions, according to CALPUFF model, should be perceived in the whole Domingos Martins city centre area. In this area, 58% of those interviewed were annoyed by the WWTP odours. However, in 2009, the odour monitoring panel recorded few odour occurrences. A second population survey showed that hereafter only 20% of those interviewed were annoyed by the WWTP emissions. Odour emission and dispersion models run with 2010 data proved a drastic reduction of the WWTP aeration tank emissions and consequently the city centre was not bothered by WWTP emissions anymore. The odour emission reduction was due to the modification of the WWTP aeration tank system. Despite the odour emission reduction, houses located southeast of the WWTP were still annoyed by sewage odours. However, in this part of the town, other sources of sewage odours have been found.
INTRODUCTION
As a result of urbanization and population increases, wastewater treatment plants (WWTP) that once offered a large buffer zone outside the site boundary, now find housing developments encroaching within this buffer zone and often up to the boundary. As a result odour is an increasingly sensitive issue and complaints of odour nuisance are common (Nicell ; Latos et al. ) .
A way to monitor odour emissions from WWTP is to use emission modeling to estimate gaseous emissions with a dispersion model for the gaseous impact assessment on WWTP neighbours.
About 80 to 90% of odours emitted from WWTP are due to the presence of sulphur compounds such as hydrogen sulphide, methyl mercaptan, ethyl mercaptan, dimethyl sulphide and dimethyl disulphide (Debrieu ) . Empirical mathematical equations have usually been used to estimate hydrogen sulphide (H 2 S) emissions (Santos et al. ) . These equations consider volatilization, stripping and biodegradation as the main removal mechanisms; however, only the first two mechanisms result in atmospheric emissions. These equations are included in the mass balance for H 2 S of interest, as presented by Santos et al. () :
where C o is the H 2 S concentration in the liquid-phase entering the unit (g m -3 ); C is the H 2 S concentration after it has been mixed within the fluid inside the unit; V is the volume of the unit (m 3 ); and Q is the sewage flow rate (m 3 s À1 ). R v , R s , R b and R q represent the H 2 S removal rates (g s À1 ) by volatilization, stripping, biodegradation and chemical oxidation, respectively. Solving Equation (1) for H 2 S concentration (C ), H 2 S emission rates (volatilization þ stripping rates) can be calculated and used as input in dispersion models.
The plume dispersion model is a well accepted method of predicting or estimating the ground level concentrations of air emissions, including odour, and the Gaussian plume models are the most widely used dispersion model. These models consider a simple mathematical treatment of the complex behaviour of the atmosphere (Ormerod ), which is treated as stationary and homogeneous. CALPUFF dispersion models represent a continuous plume as a number of discrete packets of pollutant (puffs). The model simulates continuous puffs of pollutants being emitted from a source into the ambient wind flow and the path each puff takes changes when wind flow changes to the new direction. Puff dispersion is Gaussian and concentrations are based on the contributions of each puff as it passes over or near a receptor point (Scire et al. ) . The CALPUFF model includes a specific module for averaging times of order of those times of interest associated with odorous gas dispersion. A simple scale factor is proposed to estimate maximum concentrations for shorter average times. This scale factor is used to adjust for the effects of the oscillation of wind direction (wind direction fluctuations around the average value calculated for 1 hour) by adjusting the lateral dispersion coefficient for averaging time less than one hour using the power law 1/5:
where t is the average time of interest and t o the average time consistent with the dispersion coefficient used to obtain the average concentration.
In odour dispersion studies, the average odour concentrations are considered with the duration of time required for an odour to be perceived, which is usually comparable with a human inhalation time. Due to the difficulties in determining this duration time for odour perception, international legislations use reference values from 1 min to 1 h (Hayes et al. ) . Another important parameter to be considered for odour dispersion modeling is the acceptable occurrence probability. Most legislation considers acceptable odorous compound concentrations to be inferior to the perception level between 99 and 98% of the time (Hayes et al. ) . Other means can be used to assess odour annoyance such as population surveys which are recommended in the case of multiple odour sources in the same area (Nicolas et al. ) .
This odour impact assessment study was ordered by the district attorney of Domingos Martins because of the numerous city population complaints about the sewage odour. The company responsible for this specific WWTP is CESAN (Companhia Espírito Santense de Saneamento), a stateowned company.
In this study, different techniques were combined to assess odour impact: modeling of hydrogen sulfide emissions from the WWTP and odour dispersion modeling to determine the area that the population survey should cover.
MATERIAL AND METHODS

Estimation of odorous gas emission
The odorous gas emission estimation was carried out using the mathematical model given by The WWTP physical-chemical and meteorological parameters needed to implement the model were provided by the company managing the WWTP. Moreover, the model requires H 2 S concentration in the liquid phase of the effluent inlet and outlet from each part of the treatment process (preliminary treatment, aeration tank and decanter tank).
The methodology used to determine H 2 S dissolved in the wastewater was the iodometric method according to the 4,500-F standard, which determines total sulfide (S 2À ), and the 4500-H method which determines the non-ionized H 2 S concentration, both methods are recommended by APHA (). Two sampling campaigns were carried out, the first in December 2007 and the second in April 2010 to assess the effect of an operational modification operated in the WWTP process in June 2008 where the mechanic aeration of the aeration tank became aeration by air diffusion.
Simulation of the atmospheric dispersion of odorous gases
To simulate the atmospheric dispersion of the odorous gases emitted by the Domingos Martins WWTP, the CALPUFF model was used (Scire et al. , ) . As no specific value of odour concentrations and the duration time required for odour perception are defined by Brazilian legislation, international legislation average values were adopted. Thus, this study considered as an area of influence of the WWTP odourous emissions, regions presenting concentrations greater than twice the threshold of odour perception during the interval of 3 min for at least 1% of the time. These conditions roughly correspond to the values of reference adopted by Australian legislation, which are fairly restrictive in relation to internationally accepted values. In this study, the odourous gas was considered to be mainly composed of H 2 S, thus 1 OU m À3 is equivalent to 0.5 ppbv of H 2 S (detection limit of H 2 S).
Odour impact survey on Domingos Martins' inhabitants
According to the last census from the Brazilian Institute of Geography and Statistics (IBGE ), Domingos Martins district is a city of 6,000 inhabitants in the Espirito Santo state countryside with 2,070 households in the area where 1 OU m À3 could be perceived. The number of households that should answer the survey in order to be representative is given by the following equation:
where n is the number of households that should be interviewed; N is the number of households in the whole area; Z a/2 is a critical value (1.96 corresponding to a 95% confidence interval); p is the population proportion that belong to the studied category (50%); q is the population proportion that do not belong to the studied category (50%); and E is the maximum estimative error (6% here). The number calculated is 234 households to be interviewed. The first survey was carried out in July 2008. About 235 persons answered an investigation form established in order to map the odour perception. One of the goals of this survey was also to select people interested in taking part in an odour monitoring panel. The criteria considered to select a participant were: being interested in participating in the odour monitoring team, being between 17 and 66 years old, never smoked, not a victim of chronic respiratory diseases, perceiving bad odours from their work place or residences, and not being a worker of the company responsible for the WWTP management, CESAN. Once completing these criteria, the volunteer had to pass a sensory test based on the ASTM E 544 standard (ASTM ).
In August 2009, a second survey was realized with 106 persons considered healthy in the first survey.
Meteorological monitoring
An automatic monitoring meteorological station, Oregon scientific model WMR918, was installed in the WWTP area. Wind data were collected for the following months: February, May, June, August, October, November 2009 and January 2010. The monitored parameters were: ambient temperature, relative humidity, wind speed and wind direction. These parameters were saved as 15 min averages.
RESULTS
Situation in 2008
The estimation of H 2 S emissions from each unit of the WWTP process showed that the aeration tank was the main source of H 2 S emissions, emitting 96% of the total H 2 S amount emitted by the WWTP (Table 1) .
Using the WWTP H 2 S emission rates calculated, the CALPUFF model estimated the maximum H 2 S concentration distribution (Figure 1) . The whole Domingos Martins city centre could perceive 2 OU m À3 1% of the time which explains the population complaints at that time. Thus, people living in any part of the city centre should be investigated to participate in the population survey. WWTP neighbours were significantly impacted by odour emissions greater than 20 OU m À3 occurring 1% of the time.
In July 2008, from the 235 persons interviewed living or working in Domingos Martins city centre, 163 were 'healthy' according to the criteria (17 to 66 years old, never smoked, not a victim of chronic respiratory diseases). Among the 163 'healthy' persons interviewed, 95 (58%) perceived a sewage smell from their place. Figure 2(a) shows that 'healthy' inhabitants could smell the WWTP emission from everywhere in the city centre. This WWTP odour propagation was predicted by the CALPUFF model ( Figure 1) ; and this high proportion of inhabitants perceiving these odours shows the magnitude of the nuisance in the city.
The odour monitoring panel was selected among the healthy people interviewed interested in taking part in this panel and who smelled sewage odour from their place. Thus, 70 persons were invited to participate in information meetings, but only 17 persons came. And finally, 15 persons formed the odour monitoring panel and were taught how to record the odour occurrences in their houses. For ten months, from these 15 assessors, only six assessors recorded odour occurrences, the others assessors did not perceive any bad smell from their households in this period.
The odour monitoring panel consisted of only 15 assessors which meant we were unable to draw an odour dispersion map or form any conclusions. However, the fact that only a few odour occurrences were recorded shows an obvious reduction of bad odour perception because a criterion to be part of the odour monitoring panel was to smell bad odour from the assessor's residence or work place. The few occurrences recorded were from the panel members living within 500 m of the WWTP. To confirm this sewage odour reduction in the city, a second survey was made.
Situation in 2009
In August 2009, the second population survey showed that 20% of healthy people interviewed were still perceiving sewage odours emitted from the WWTP, according to them (Figure 2(b) ). The reason for this reduction was the aeration system modification of the WWTP aeration tank, achieved in June 2008. Figure 2(b) shows three households distant from the WWTP were still complaining about bad odours, the rest of the city centre population was not bothered by the WWTP odours any more. The result of this second population survey was confirmed by odour emissions estimated in 2010 (Figure 2(b) ) and the second CALPUFF estimation obtained from these new measurements ( Figure 3) .
In 2010, the H 2 S emissions from the WWTP aeration tank dropped to 0.8 g h À1 meaning that the aeration system modification achieved in July 2008 divided the H 2 S emissions by 16. Consequently, the CALPUFF estimation of the area impacted by odours emitted from the WWTP drastically reduced (Figure 3) . Henceforth, the most densely populated part of the city centre was not expected to be regularly annoyed by odour emissions from the WWTP and the WWTP neighbours were exposed to about 5 OU m À3 , according to CALPUFF estimation achieved with the H 2 S emission rate calculated in 2010.
Various brooks cross the city and some houses which are not connected to the sanitary sewer throw their wastewater in the nearest watercourses, which then become a malodorous emission source. This is a likely reason why some houses distant from the WWTP were still perceiving sewage odour.
A watercourse passes along the main road in the southeast part of the map where about ten houses were still annoyed by sewage odours. This watercourse has been pointed out by inhabitants as being an important source of malodorous emissions. The water treated by the WWTP is thrown in this same watercourse but further downstream. Knowing that this watercourse emits a sewage odour, it could not have been determined whether the malodorous emissions annoying the inhabitants were coming from the WWTP studied or this watercourse.
Wind monitoring
The prevailing winds come from the North-East direction (Figure 4) . The wind speeds monitored were rarely greater than 3 m s À1 . The average wind speed of the seven months monitored was 0.35 m s À1 , and the fastest squall wind was not greater than 6.1 m s À1 in this period.
The city centre is northwest from the WWTP, which means that southeast winds can transport the malodorous gases emitted by the WWTP to the city centre. Nonetheless, winds coming from this direction were monitored only for 3 h during the period monitored and were not stronger than 2 ms À1 for this period. In austral summer months, January and February, West winds prevailed transporting air from the city centre to the WWTP. Therefore, the wind can neither be responsible for regularly transporting WWTP odours to the city centre nor preventing it, as winds are weak in this region. Nonetheless, North-West winds can transport WWTP emissions to the houses located at the south east of the WWTP, along the main road, where persons interviewed answered that they still smelt sewage odour in 2010.
CONCLUSIONS
The impact of the WWTP odorous emissions on Domingos Martins city drastically reduced after the aeration tank modification. This modification consisted of switching the mechanical aeration system for an air diffusion aeration system which cost about €100,000 to CESAN. The population surveys showed a significant reduction in odour perception by Domingos Martins inhabitants from 58 to 20% of the persons interviewed smelling odours emitted by the WWTP from their households. The Gostelow's mathematical model confirmed that the aeration system modification, realized in 2008, considerably reduced the hydrogen sulphide emissions (from 13.5 g h À1 measured in December 2007 to 2 g h À1 measured in April 2010), and consequently the odour perception area estimated by CAL-PUFF reduced as well. The wind monitoring shows that winds were unlikely to transport WWTP emissions to Domingos Martins city centre but can transport them to the residences located southeast of the WWTP where in 2009, despite the modification of the WWTP aeration system, the population was still complaining about the sewage odours. However, in this part of the city another sewage odour emission source was indicated, preventing this study from assessing the WWTP odourous emission impact on this part of the town.
